Background: Chromosome conformation capture (3C) and HiC DNA sequencing methods have rapidly advanced our understanding of the spatial organization of genomes and metagenomes. Many variants of these protocols have been developed, each with their own strengths. Currently there is no systematic means for simulating sequence data from this family of sequencing protocols. Findings: We describe a computational simulator that, given reference genome sequences and some basic parameters, will simulate HiC sequencing on those sequences. The simulator models the basic spatial structure in genomes that is commonly observed in HiC and 3C datasets, including the distance-decay relationship in proximity ligation, differences in the frequency of interaction within and across chromosomes, and the structure imposed by cells. A means to model the 3D structure of topologically associating domains (TADs) is provided. The simulator also models several sources of error common to 3C and HiC library preparation and sequencing methods, including spurious proximity ligation events and sequencing error. 
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14 Simulation-driven development and testing has proven to be a highly cost effective and 15 time efficient approach. It offers the possibility to explore data characteristics as a near 16 continuum and subject software to a previously unavailable degree of testing 17 thoroughness.
18
Tools for simulating DNA sequencing reads have existed from the very early days of 19 genomics, beginning with the many anonymous implementations of simple DNA 20 shearing algorithms, up to the most recent highly detailed empirical model 21 simulators [13, 14, 19, 30] . From read simulation in isolation, field advancements such as 22 metagenomics have been accompanied soon after by simulators reflecting their specific 23 data characteristics and evolving experimental methodology [2, 16, 34] . 24 We introduce Sim3C, a software package designed to simulate data generated by HiC 25 and other 3C-based proximity ligation (PL) sequencing protocols. The software includes 26 flexible support for a range of sequencing project scenarios and choice of three 3C 27 methods (HiC, Meta3C, DNase-HiC). The resulting output (paired-end FastQ) is easily 28 assimilated into existing workflows, opening the door to more thorough software testing, 29 such as the comparative analysis of clustering algorithms [8] .
30
3C sequencing
31
3C-based sequencing protocols, including Hi-C, 4C-seq, and Meta3C, have great 32 potential to address questions directed at the spatial organization of DNA in samples 33 ranging from eukaryotic tissue, to single cells, to microbial communities. The growing 34 use of these protocols creates a legitimate need for a simulator capable of generating 35 data with relevant characteristics.
36
Chromosome conformation capture (3C) was originally designed as a PCR-based 37 assay to measure interactions among a small number of defined regions of eukaryotic 38 chromosomes [7] . In 2009 Lieberman-Aiden [21] reported an extension of the protocol to 39 high throughput sequencing, enabling the global spatial arrangement of chromosomes to 40 be reconstructed at unprecedented resolution. All 3C protocols depend on an initial 41 formalin fixation step, which crosslinks proteins bound to DNA in vivo. Subsequently 42 cells are lysed and the DNA:protein complexes are sheared enzymatically and/or 43 physically to create free ends in the bound DNA strands. These free ends are then 44 subjected to a proximity ligation reaction, in which ligation of free ends preferentially 45 occurs among DNA strands cobound in a protein complex. The DNA:protein crosslinks 46 are then reversed, the DNA is purified, and an Illumina-compatible sequencing library is 47 constructed. In HiC protocols, the proximity ligation junctions can then be further 48 purified in the sequencing library. 49 
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3C-derived methods have found several applications beyond their initial use to 50 reconstruct 3D chromosome structure. For example, it has been shown that 3C-derived 51 data provide a valuable signal for genome scaffolding [5, 10] , as well as a signal that can 52 support genome-wide haplotype phasing [17, 36] . 3C-derived data has also proven 53 valuable for metagenomics, where initial studies on mock communities demonstrated 54 that highly accurate genome reconstruction in mixed microbial communities could be 55 facilitated by proximity ligation sequence data [4, 6, 26] . Subsequent application to 56 naturally occurring microbial communities has also suggested that bacteriophage can be 57 linked to their hosts with this data type [24] .
58
In the remainder of this manuscript we describe the Sim3C software and outline how 59 it can be used to simulate data for various 3C-derived experiments. 
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Listing 2. A mock four chromosome genome. Cellular abundance is a constant across the profile, while chr4 exists in two copies. Note that relative abundances specified in a profile are not required to sum to 1, but are normalised internally.
Error Modelling
85
Sim3C models three forms of experimental noise: machine-based sequencing error, the 86 formation of spurious ligation products and the contamination of PL libraries with
87
WGS read-pairs.
88
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Simulation modes
112
Since HiC was first introduced [21] , the development of variants and extensions has 113 been continual [11, 26, 32, 33] . Variants have often strived to further enhance the protocol results in a gross mixture of both WGS and PL read-pairs, where only a small 131 percentage of the total read-pair yield (approx. 1%) will possess PL junctions [22] . The 132 enrichment process within HiC, however, is not perfectly efficient and WGS read-pairs 133 are still observed (approx. 10-50% of reads contain a PL product) [22] . DNase-HiC 134 replaces restriction digest with a non-specific endonuclease (e.g. DNase I) [23] or 135 mechanical DNA shearing process (e.g. sonication) [11] . In this operational mode,
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Sim3C treats DNA cleavage as a completely unbiased (free) process and as such all 137 genomic positions have equal probability of participating in proximity ligation events. (PL or WGS in origin). For all strategies, an iteration begins by drawing a 3-tuple of 141 insert parameters: length, direction and junction point (L ins , dir, x junc ).
142
After obtaining insert parameters, the HiC strategy (figure 1a) first tests if the insert 143 will represent a WGS or PL read-pair (∼ Bern(p ef f )), where efficiency p ef f is defined 144 in the sense of enrichment. When p ef f = 1, there is perfect filtering and all WGS Lastly, an intra-chromosomal (cis) ligation must have occurred. As now both genome 160 and chromosome are implicitly defined (gen 2 = gen 1 , chr 2 = chr 1 ), all that is required 161 is to draw genomic position x 2 . Here, the separation s between x 1 and x 2 162 (s = |x 2 − x 1 |) is constrained to follow an empirically determined long-tailed mixture of 163 the geometric and uniform distributions (equation 1).
164
For Meta3C (figure 1b) after insert parameters are determined, in the same fashion 165 as a regular WGS read, an initial free genomic position is drawn (chr 1 , x * 1 ), uniformly 166 distributed over the extent of chr 1 rather than only over its cut-sites. In real datasets, it 167 has been observed that neither the restriction digestion nor the re-ligation of free ends 168 are perfectly efficient. Taken as independent probabilities, in our model we 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 Gold diamonds represent simple Bernoulli trials. Blue boxes represent sampling distributions defined by runtime input data (community profile, genomic sequences, enzyme) and the empirically derived distribution for intra-chromosome (cis) interaction probability (equation 1). Logical end-points to a single iteration of either algorithm are represented as red (producing a WGS read-pair) and green boxes (producing a PL read-pair). Due to the elimination of the biotinylation step, Meta3C does not produce a duplication of the restriction cut-site overhang (grey boxes).
6/ 23   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62 63 64 Figure 2 . Proximity ligation insert. The joining of parts A (red) and B (blue) to create the full junction containing PL insert, from which the read-pair is then simulated via Art.py. Here, the junction point varies uniformly over the interval [0..L) and in combination with the requested read length and insert size range, can result in readthrough events as are observed in real experiments. In the case of traditional HiC, the side-effect of site duplication makes it possible to confirm such occurrences.
Empirical distribution
186
The central relation used to express the probability of observing intra-chromosomal 187 proximity ligation (PL) events as a function of genomic separation s is a mixture model 188 combining the geometric and uniform distributions (equation 1), with mixing parameter 189 β, geometric distribution shape parameter α and genomic interval length l. This 190 combination allows for a non-zero probability for all chromosomal positions, while also 191 capturing the rapid early fall-off in probability with increasing separation (figure 3).
192
Agreement with empirical observations is acceptable over the majority of the range,
193
diverging slightly from the empirical estimate at small separation (s < 10 kbp). Worth 194 considering, however, is that as diminishing separation s approaches the length of the 195 sequencing insert, there is increasing odds of PL read-pair counting statistics being 196 contaminated by WGS read-pairs that escaping filtering efforts.
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Structurally related interactions
198
Sim3C can approximate the modulation of observed contact frequencies brought about 199 by 3D chromosome structure. Independent of any 3D structure that might exist, the responsible for their formation vary [1, 3] , the characteristic patterns evident in real-data 208 derived 3C contact maps have been observed across all three domains [9, 18, 37] . widths of which are drawn at random (U (l min , l max ), U (n min , n max )). The procedure is 213 then recursively applied to each sub-interval until a depth d, producing a nested set of 214 coverings of the full interval [0..L) at progressively finer scales. Across this hierarchical 215 collection each interval is assigned a uniformly distributed random probability p i and 216 empirical distribution f i (s|θ i ) (equation 1) for separation s parameterised by shape 217 parameter α T AD and interval length l inv = x i+1 − x i , where θ = (α T AD , β, l inv ).
218
The process of drawing samples of separation begins by determining the set of 219 intervals {l inv } which contain an initial point x 0 . The intervals, as tuples (p i , f i (s|θ i )), 220 then form a categorical distribution (equation (7)), from which a governing distribution 221 8/ 23   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 
sample from the full collection, an interval-tree data structure is employed. When 223 queried, an interval-tree returns the set of intervals {l} overlapping a position x in order 224 O(log n + m), where n is number of intervals and m is number of intervals returned by 225 the query.
p i ∼ U (0, 1) and
where Figure 4 . Approximating the structurally related modulation of observed contact frequencies. Beyond primary intra-chromosomal interactions which produce the main diagonal, Sim3C can reproduce an inter-arm mediated anti-diagonal at user controlled intensity. Illustrated here, finer scale modulations attributed to topologically associated domains (TADs) can optionally be approximated. Primary interactions are governed by the empirical distribution f0(s-0) which covers the full interval [0, L). Each level of recursion (d = 1, 2 · · · n) generates a finer set of intervals, to which a distribution f i (s|θ i ) and probability p i is assigned. The intervals at the final depth each define a range (green, curly braces) over which a set of probabilities and empirical distribution pairs govern interaction separation s.
9/ 23   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 (CIDs) [18] . As a prokaryotic analog of topologically associated domains (TADs) from 245 eukaryotic literature [1, 29, 31] , these regions are believed to promote intra-domain loci 246 interactions and thereby act to functionally compartmentalize the genome. This 247 chromosomal structure was observed to be at once disruptable through rifampicin 248 mediated inhibition of transcription and malleable by the movement of highly expressed 249 genes [18] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 For the raw contact map of C. crescentus, prominent rectilinear features are potential configurations than can be taken on by the primary chromosome backbone.
258
Additionally for the real contact map, long-range interactions away from either diagonal 259 can be seen to drop to a lower threshold than that produced from simulation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62 63 64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 From the contact map of real HiC data (figure 7a), it can be seen that the rates of 287 intra-chromosomal and inter-chromosomal interactions are roughly equivalent in 288 magnitude. Across the eight chromosomes of S. stipitis, there is significant uniformity in 289 the degree of physical intimacy within and between all chromosomes. The subtleties of 290 this chromosomal organisation reveals a self-similar "fuzzy-x" pattern repeated between 291 all chromosomes across the contact map. The convergence point within the pattern is 292 attributed to centromere-SPB binding and has been used to predict centromere 293 locations [38] . It has been shown that the physical constraints generated from the 294 interaction of centromeres to the spindle pole body (SPB) and telomeres to the nuclear 295 envelope are sufficient to explain a number of experimental observations in real 296 data [12, 39] . As Sim3C was derived from study of bacterial datasets, our simulation 297 model does not currently include a notion of these higher organism physical constraints. 298 Consequently, the contact map derived from simulated traditional HiC sequencing elicits 299 a flat field (figure 7b), where the intensity variation that does exist is a byproduct of 300 aforementioned factors such as mappability and cut-site density. For the runtime 301 parameters employed, the rate of intra-chromosomal contact is higher than that of [6] . Grey dashed lines and alternating light and dark grey axes demarcate the boundaries between chromosomes. (b) Simulated data elicits a flat field and the clearly evident higher rate of intra-to inter-interactions makes for easily observable chromosomal boundaries within the map. (a) Contrastingly for real data, the similar rates of intra-chr and inter-chr interactions reveals the physical constraints imposed by centromere-SPB tethering on all eight chromosomes [38] .
Metagenomic
306
In the deconvolution of metagenomes, proximity ligation methods hold great potential 307 as new sources of information and have been investigated by the construction and 308 sequencing of synthetic communities [4, 6, 26] . We selected two previously constructed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64(table 1) . Intended as "proof of concept" experiments, neither community reflects a real 311 environment, but rather were intended to be easily interpreted and include interesting 312 features, such as: range of GC, single and multi-chromosomal genomes and strain-level 313 divergence. The HiC community involved five genotypes from four species, one genome 314 of two chromosomes (B. thailandensis), E. coli strains BL21 and K12 (Average
315
Nucleotide Identity, ANI 99%) and a wide overall GC range of 37-68% (table 2) . Of 316 lower complexity, the Meta3C community involved three genomes from three species, 317 included one genome of two chromosomes (V. cholerae) and had a narrower GC range 318 of 44-51% (table 3) . Relative to the single genome experiments above, a lower depth of 319 sequencing resulted in a lower overall contact map intensity ( figure 8 ). This is 320 particularly the case for Meta3C, where, by the nature of the method, a large proportion 321 (approx. 99%) of the sequencing yield is in reality conventional WGS read-pair data [26] . 322 As a direct result, in binning the Meta3C dataset, there were insufficient counts to fully 323 establish finer detail within the contact maps, leaving a smoother appearance.
324
As with single-genome experiments, metagenomic contact maps are locally 325 modulated by factors such as mappability and cut-site density. Importantly now for 326 metagenomes, the factors of relative abundance and GC content interact to alter the 327 observed intensity of each chromosome within the contact map.
328
As a first approximation and assuming agreement in nucleotide sampling frequency, 329 we expect n 0 = L/4 λ recognition sites for an enzyme of site length λ and DNA sequence 330 length L. The degree to which an enzyme and DNA sequence deviate from this estimate 331 could be described as how well they match, m = n x /n 0 . Poorer quality matches (m < 1) 332 occur when an enzyme's recognition site is underrepresented, while conversely, better 333 quality matches (m > 1) describe a situation of more recognition sites than expected.
334
When multiple chromosomes are taken as a community, the relative proportion of 335 sites from each represents an observational bias when conducting 3C-based experiments. 336 For community C, the number of sites n x from chromosome x determines the number of 337 potential PL pairings N x within C which involve x (equation 8). The number of 338 intra-chromosomal and inter-chromosomal potential pairs thus respectively vary 339 quadratically and linearly with n x . Regarding the process of observing a PL event
340
(read-pair) from the community as a random draw with replacement, and the selection 341 pool as comprised of all potential events from all chromosomes, then variation in match 342 quality constitutes a per-chromosome bias. In real laboratory experiments, the 343 composition of the selection pool is further modified by variation in other factors, such 344 as cellular lysis efficiency, unintended DNA fragmentation and relative abundance. In 345 particular, when relative abundances A are introduced, the odds of observing a PL 346 event involving chromosome x is then proportional the product p x ∝ A x N x /N C .
347
Although the processes of intra-chromosomal, inter-chromosomal, and inter-cellular 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 that inter-cellular interaction is significant. Within the simulated map at least, [6] . Grey dashed lines and alternating light and dark grey axes demarcate the boundaries between chromosomes. (b) Simulated data elicits a flat field and the clearly evident higher rate of intra-to inter-interactions makes for easily observable chromosomal boundaries within the map. (a) Contrastingly for real data, the similar rates of intra-chr and inter-chr interactions reveals the physical constraints imposed by centromere-SPB tethering on all eight chromosomes [38] . Table 2 . Synthetic HiC community. A synthetic community used to demonstrate the utility of HiC sequencing data in resolving a microbial metagenome [4] . It is composed of 5 bacteria, including two closely related strains (E. coli K12 and BL21), a genome with two plasmids (L. brevis) and a two-chromosome genome (B. thailandensis). A is relative abundance, n cpy is copy number, n x is number of restriction sites, and m = n x /n 0 is match quality between chromosome and enzyme choice: m < 1 is worse, m > 1 is better.
Methods
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Reference Data Table 3 . Synthetic Meta3C community. A synthetic community used to demonstrate the utility of Meta3C sequencing data in resolving a microbial metagenome [25, 26] . It is composed of three bacteria with one possessing two chromosomes. A is relative abundance, n cpy is copy number, n x is number of restriction sites, and m = n x /n 0 is match quality between chromosome and enzyme choice: m < 1 is worse, m > 1 is better. • IPC -interprocess communication
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• PL -proximity ligation
424
• WGS -whole genome shotgun
425
• CID -chromosomal interaction domain
426
• TAD -topologically associated domain
427
• Bern(x) -Bernoulli distribution
428
• U (x) -uniform distribution
429
• N (µ, σ) -normal distribution
430
• cis -intra-chromosomal
431
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